SUMMARY: The effect of CO, on a decarboxylase system of Streptococcus diacetilactis has been investigated. It was found that the amount of CO, produced by a culture of the living organism depended upon the proportion of CO, present in the atmosphere. Under minimum pcoz the production of CO, by the organism was stimulated while accumulation of CO, repressed the formation of the gas. It also appeared that the presence of excess of other products of reaction repressed the production of CO,. An explanation of these phenomena in terms of the law of mass action is advanced.
During an investigation of the heat stability of an enzyme system of Streptococcus diacetilactis (Oliver, 1952) it was noticed that the amount of carbon dioxide produced by a culture of the organism varied according to whether the CO, was continuously removed or was allowed to accumulate under pressure in a closed culture apparatus. Where an enzymic reaction is readily reversible it is to be expected that the rate of reaction arid the final end point will be influenced by accumulation of end products which, according to the law of mass action, will tend to drive the process in the reverse direction. Where one of the end products is a gas (as in the case under consideration) it may be allowed to escape into the atmosphere, as in a cotton-wool plugged flask; it may be removed from a closed system by absorption in alkali; or it may be confined in a sealed culture vessel with the production of pressures higher than atmospheric. The full implications of these variations in conditions of culture do not seem to have been appreciated by many workers who have investigated the production of CO, by plant and animal tissue and by microorganisms, since manometric, gasometric, gas-entrainment and gas-absorption techniques have been used without any allowance for their possibly different effects on the course of the reactions studied.
I n the present paper evidence is presented tending to show that with Strep. diacetilactis the equilibrium point of the enzymic reaction by which CO, is produced is influenced according to the law of mass action by CO, pressure, and further that the amount of enzyme formed by the organism may vary according to the gaseous environment of the growing culture.
MATERIALS AND METHODS
A culture of Strep. diacetilactis, strain DL, as described in a previous paper (Oliver, 1952) was used as the test organism, the culture media also being as described in that paper. The organism grew readily in sterilized skim milk Effect of CO, on a bacterial decarboxylase 39 at 22", clotting the milk within 24 hr. with the formation of c. 0.8 % titratable acid (calculated as lactic acid). It should be emphasized that in all the experiments described, active multiplication of the Strep. diacetilactis ceased in 24-36 hr. and that the CO, production observed for the greater part of the experimental period was a result of the metabolic action of organisms maintained in a non-proliferating condition by the high acid concentration in the culture medium.
Carbon dioxide production was estimated as described in a previous paper (Oliver, 1952) . Where it was desired to observe the effect of accumulation of CO, over the culture a short length of pressure tubing was fitted between the culture and baryta flasks so that the culture could be sealed off from the absorbent by a screw clip. When the clip was released the gases were bubbled through baryta solution and the CO, estimated in the usual manner. In this apparatus the volume of air available to the sealed-off culture was only half that available in the original apparatus where culture flask and absorption flask were open to one another from the start of the experiment. It was found, however, that pco, is not critical for this particular enzyme system, for on excluding air by placing a layer of paraffin oil over the culture the total volume of CO, produced did not decrease, although the end point was reached a little later than under fully aerobic conditions.
RESULTS
Efect of CO, pressure on CO, production at 22" Growth of Strep. diacetilactis at 22" in milk and in citrate broth in an apparatus in which CO, was continuously absorbed by 0.1 N-baryta gave volumes of CO, as recorded in Table 1 . These figures represent the average result obtained in many experiments, there being only smaIl variations from one culture to another. It will be noted that the total amount of CO, increased up to 10 days (after which no appreciable increase occurred) and that gas production was higher in a citrate broth medium than in milk. The pco2 under these control experimental conditions (over 0 . 1~ alkali) is not accurately known, but it is very low since Dee ( When cultures of Strep. diacetilactis were grown in milk or in broth in a type of apparatus in which the culture flask was sealed off from the absorption W . H . Oliver flask the volume of CO, produced was greatly reduced. Table 2 gives the results of a typical experiment in which culture flasks of two different sizes (containing the same volumes of culture) were used. It is clear that the sealing of the culture flasks decreased the CO, production as compared with the control, and that the smaller the gas space above the culture the greater the decrease in CO, production. As mentioned above, the volume of 0, Medium available to the culture is not significant so far as the action of the C0,-producing enzyme is concerned. Furthermore, the density of the bacterial population and the total titratable acidity were found to be the same for all the cultures in a given medium irrespective of po2 or pco,. This shows that the phenomenon is not due to a change in the rate of multiplication or in the main metabolic activity of the organism. The most reasonable hypothesis is that the equilibrium point of the enzymic reaction concerned in the formation of CO, is altered by CO, pressure according to the law of mass action.
Alteration of the equilibrium position by other end products In a reaction of the type A+B +CO, the removal or addition of either B or CO, should affect the equilibrium in a similar way. I n practice, it is easier to alter the concentration of the product in the gas phase (i.e. CO,) than a product B in the liquid phase. Moreover, the exact course of the reaction by which diacetyl and CO, are produced by Strep. diacetilactis is not known, and hence the identity of B is unknown. However, it is reasonable to assume that the cell-free filtrate from the cultures will contain product B. On this assumption the effect on CO, production of adding Seitz-filtered whey, from a &day culture of Strep. diacetilactis grown over alkali, to a pasteurized culture of the same age and grown under the same conditions was examined. It had previously been shown (Oliver, 1952) that the decarboxylase system of the organism was stable beyond the temperature of pasteurization and would continue to function unabated after the organism had been killed. Thus the use of a culture killed by heating at 80" for 5 min. excluded the possibility that any observed decrease in CO, formation might be due to inhibition of the normal metabolic processes of the resting organism by the added products of its metabolism. Table 3 gives the results of a typical experiment in which a pasteurized milk culture of Strep. diacetilactis was incubated a t 22" in a C0,-absorbing apparatus with and without the addition of Seitz-filtered Effect of CO, on a bacterial decarboxylase 41 whey. It is clear that the presence of sterile whey in the pasteurized culture resulted in a decrease in CO, production to an extent depending on the proportion of whey added, The results are consistent with the hypothesis that metabolic products other than CO, are able to alter the equilibrium point of the reaction in which CO, is one of the end products. 3-day culture + 5 ml. whey 3-day culture + 10 ml. whey 10 ml. whey in sterilized milk
Effect of CO, on the amount of decarboxylase produced by bacteria Exposure of a growing culture of Strep. diacetilactis to carbon dioxide was found to influence the C0,-producing capacity of the culture during a subsequent incubation period under conditions in which any CO, formed was immediately absorbed in baryta. Cultures in milk and in citrate broth were grown at 22' in three different sets of conditions; in flasks sealed with a screw clip, in flasks plugged with cotton wool, and in flasks attached to an absorption flask containing baryta. These cultures were thus under high, medium and minimum CO, pressure respectively during the preliminary growth period. After varying times under these conditions all the cultures were connected to absorption flasks containing alkali, and the incubation at 22" was continued until 7 days had elapsed from the start of the experiment. Table 4 gives a typical series of results. It will be observed that as compared These results suggest that the effect of CO, on Strep. diacetilactis is to inhibit synthesis of the decarboxylase. Under optimal conditions a smaller amount of catalyst should finally give the same total CO, production as a larger amount, although in a longer time, but in bacterial cultures in which various metabolic products have accumulated the enzymes suffer gradual destruction during the course of their action and hence the volume of CO, produced should correspond in some degree with the amount of enzyme formed by the organism. The concept of evocation of specific enzyme activities in micro-organisms in response to variations in environment is accepted by many workers. Hauka & Koessler ( 1924) suggested that micro-organisms produce amino-acid decarboxylases in response to an over-acid environment ' as a protective measure when accumulation of hydrogen ions within the organism's protoplasm is incompatible with its normal life process'. Gale (1946) suggested that, since CO, is sometimes an essential metabolite, decarboxylases may be formed and produce CO, in growth conditions where retention of CO, in a medium is limited by solubility considerations, A strongly acid culture, such as is produced by Strep. diacetizactis in 24-36 hr., from which CO, is being continuously withdrawn fulfils these conditions for increased production of decarboxylase. The increased amount of enzyme formed during the earlier period would then be expected to result in a greater CO, production during the resting period. Conversely, a culture in which pco, is allowed to increase during the early growth period may be expected to decrease its production of decarboxylase, this being reflected subsequently in a diminished CO, output. It would obviously be desirable to investigate the problem further, using cell-free extracts from bacterial material obtained by centrifuging cultures grown under various CO, tensions and to compare decarboxylase activity under conditions of known substrate concentration. This has not been possible so far, in the absence of a satisfactory technique for preparing an active extract. Several methods of grinding centrifuged bacteria were tried, but it was found that the extracts obtained lost their decarboxylase activity within a few minutes. Evidently the decarboxylase was very unstable apart from the whole bacteria cell, or in a medium differing greatly from that in which it was produced.
DISCUSSION
Although studies have been made of the effect of accumulation of CO, in a closed system on the respiration of plant tissues and on the metabolic activities of micro-organisms little attention has been paid to the techniques used for estimation of CO, in such experiments. Willaman & Beaumont (1928) , working with plant tissues, found that the accumulation of CO, resulted in a logarithmic decrease in CO, output. Hassouna & Allen (1939) investigated the gas production of lactic acid bacteria using a gasometric and an absorption technique. I n some cases they observed no evolution of gas with the gaso-metric method while the absorption technique recorded a significant C 0 , production. They attributed this anomaly to the solubility of CO, in the medium but it may well have been due to suppression of CO, formation in the gasometric apparatus. Osterwalder & Jenny (1939) found that the fermentation of wine was stopped by the accumulation of CO, in a closed vessel but, because they found that an increase in total pressure had a similar though smaller effect, they did not consider pco, as having a specific effect on the fermentation. Increased atmospheric pressure results in a higher pao, at the site of reaction, so an explanation in terms of the law of mass action is valid. Kidd & West (1945) reported that 10 yo of CO, in the atmosphere suppressed CO, production in apples by 45 yo. Zhuravskii (1939) observed suppression of citric acid formation and of mycelial growth by an atmosphere containing 20 yo of CO,. A pathway commonly postulated for citric acid formation (Sumner & Somers, 1947) was also found to inhibit the production of ethanol, but not that of lactate, which is normally produced in small amount only. The substantial inhibition of ethanol formation and of glucose consumption in the presence of CO, may indicate that the whole series of reactions is being forced back via the route CH,CHO + CO, +pyruvate +hexose. A knowledge of the energy requirements of the various reactions should be helpful in understanding why the pyruvate which is formed is converted to ethanol rather than to oxaloacetate. The suppression of alcoholic fermentation by CO, is often accompanied by a decrease in the rate of growth of the organism, this being in contrast with the effect on Strep. diacetilactis where growth is not retarded. In the former case ethanol and CO, are the end products of the main metabolic pathway and energy source, while in the latter the production of diacetyl and CO, results from a relatively unimportant side reaction and the main energy source (the lactic acid fermentation) does not involve CO, production. It thus appears that, depending upon the reactions involved, CO, pressure in a closed system could influence the production of CO, and the growth of a micro-organism in the following ways: (i) suppression of CO, production W . H . Oliver and of growth of the organism through a mass action effect where production of CO, is involved in the main reactions brought about by the organism in the medium; (ii) suppression of CO, production without suppression of growth through a mass action effect on a reaction which is not essential to the growth of the organism; (iii) suppression of growth of the organism due to a nonspecific effect of CO, acting as an acid with recovery to normal on removal of pressure. Whichever applies in a given case it is obviously important that the method of estimating CO, shall be specified and that there shall be an appreciation of the possible effect of CO, pressure on the results obtained. In a large majority of cases it appears that the simplest hypothesis to explain the effect of CO, in a closed system is the law of mass action. Since synthesis of adaptive enzymes can be stimulated by the presence in the medium of appropriate substrates, it might be expected that enzyme synthesis would be suppressed by presence of excess of the products of reactions. This would apply equally to gases and to substances in solution. No observations on this point seem to have been made hitherto, but the evidence presented here, although not unequivocal, does lend support to this hypothesis. The author gratefully acknowledges Dr H. R. Whitehead's helpful criticism and advice throughout the investigation.
